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FOREWCRD

An exploratery experimental and theoretical investigation of gaseous nuclear

rocket technology is being conducted by the United Aircraft Corporation Research
Laboratories under Contract NASw-847 with the joint AEC-NASA Space Nuclear Propulsion
Office. The Technical Supervisor of the Contract for NASA is Captain W, A. Yingling
(USAF). Results of the investigation conducted during the period between
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(including the present report) which comprise the required fourth Interim Summary
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Nuclear Criticality Study of a Specific Vortex-

Stabilized Gaseous Nuclear Rocket Engine

SUMMARY

An anslytical study was conducted using one- and two-dimensional diffusion
theory to determine the critical mass requirements of a specific reference vortex-
stabilized gaseous nuclear rocket engine configuration having a cavity length and
diameter equal to 6 ft, a cavity liner composed of tubes made from W-184, and s
surrounding moderator region made of successive layers of beryllium, beryllium
oxide, graphite, and heavy water. The calculations made allowance for the following:
an annular passage leading from the cavity to the exhaust nozzles, a fuel-injection
duct passing through the moderator, voids and W-184 structure in the moderator, a
radial distribution of hydrogen temperature in the cavity, and a radial fuel density
distribution. In addition, the moderator was considered to be surrounded by layers
of natural tungsten and iron to simulate the external piping and pressure vessel.

The results of the calculations indicate that a critical mass of 50.1 1b of
U-233 fuel would be required for the reference engine design used in the present
study. This mass could be reduced by a decrease in the volume of the nozzle-
approach annulus, an increase in reflector-moderator mass, or a reduction in the
volume of neutron-absorbing structure within the cavity liner and reflector-
moderator. For instance, one-dimensional calculations indicate that the critical
mass could be reduced by approximately 40% by substitution of beryllium wall liner
tubes covered with niobium-carbide-coated graphite sleeves for the W-184 wall liner
tubes assumed in the study.

One-dimensional calculations were performed to generate L-group cross sections
for subsequent two-dimensional calculations and also to provide information on trends
in critical mass variation with variations in moderator void fractions, structure
fractions, dimension of various regions, and selection of nuclear fuel. The two-
dimensional calculations provide critical mass estimates for configurations with
and without exhaust nozzles and fuel-injection duct, and with different amounts
of structure within the exhaust nozzle region.



RESULTS

A critical mass of 50.1 1b of U-233 was determined for the specific reference
engine design considered in the study on the basis of two-dimensional calcula~-
tions.

The critical mass of the reference engine design would be reduced by approxi-
mately 40% by elimination of W-184 from the cavity surface liner and moderator
regions on the basis of ons-dimensional calculations.

Replacement of U-233 with U-235 or Pu-239 in the reference engine design would
result in an increase in critical mass by factors of 3.25 and L,05, respectively,
on the basis of one-dimensional calculations.

A decrease in fuel radius and an increase in thickness of the cold hydrogen
layer near the cavity wall have compensating effects on required critical mass,
an important result when considering the stability of the radius of the fuel
region. For the reference engine, a decrease in fuel radius of one centimeter
results in an increase in critical mass of 0.5%, while an increase in the
thickness of the cool hydrogen layer of one centimeter results in a decrease
in critical mass of 2.8% on the basis of one-dimensional calculations.

Elimination of the exhaust nozzle approach annulus from the reference engine
design would reduce the critical mass by approximately 20% on the basis of
two-dimensional calculations. Although the exhaust nozzle approach annulus
cannot be completely eliminated, its volume can be reduced with an accompanying
reduction in critical mass.

Elimination of the fuel injection duct from the reference engine design would
reduce critical mass by approximately 8% on the basis of simplified one-
dimensional calculations.

The critical mass of nuclear fuel indicated by one-dimensional calculations
for a 6-ft-diameter spherical cavity was approximately equal to that indicated
by two-dimensional calculations for an equivalent cylinder having a length and
diameter of 6 ft, whereas simplified theory for configurations with semi-
snfinite reflectors indicates that the critical mass for the cylinder should
be 1.5 times that for the sphere,
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INTRODUCT ION

Reference engine design studies for a specific vortex-stabilized gaseous
nuclear rocket were carried out at the Research Laboratories during fiscal year
1966. These studies took into consideration such factors as reflector-moderator
heat balance, required coolant voids, selection of materials for the cavity inner
liner and plumbing, manifolding and heat exchanger structures, selection of coolant
fluids, exhaust nozzle geometry, pressure vessel configuration, and over-all engine
weight. All of these factors interact with the nucleonics of the engine and affect
the critical mass required. The engine design work is reported in Ref. 1, while the
nuclear work on the reference engine design is reported herein.

Calculations of critical masses required in cavity reactors were reported
first in Refs. 2 and 3, and further work has been reported in Refs. 4 through 13.
Experimental measurements of critical mass requirements for selected cavity reactor
configurations are reported in Refs. 14 and 15. In most instances, both the
analytical work and the experimental measurements were made for idealized spherical
cavities or for cylindrical configurations with length-to-diameter ratics of 1.0.
Moderator materlals employed for these measurements and calculations were also
ideal (no voids for coolant or propellant passage and no structural materials) and
were graphite, beryllium oxide, heavy water, or combinations of these three con-
taining little or no neutron poisons. However, some calculations and measurements
have been performed which include factors which should be considered in cavity
reactors for nuclear rocket applications. 1In particular, calculations have been
made which include the effects on critical mass resulting from the addition of heat-
and pressure-resistant lining materials on the inner cavity wall (Refs. 6, 10, and
13) and by the presence of an exhaust nozzle penetrating the reflector-moderator
(Refs. 7 and 8). In addition, experimental measurements have been made of the
effects of an exhaust nozzle penetrating the reflector-moderator of a heavy-water-
reflected cavity (Ref. 14). Additional calculations have been performed to esti-
mate the effects of hot hydrogen on the neutron spectra and critical masses for
cavity reactors (Ref. 11). The present study is the first attempt to calculate
critical mass requirements for a specific engine design which includes coolant
voids, plumbing structure, cavity lining material, exhaust nozzle holes penetrating
the reflector-moderator and pressure vessel, hot hydrogen, a specific fuel density
profile, and a fuel injection duct surrounded by a sleeve made of a strong neutron
poison to prevent excessive heating of the fuel and local moderator volume during

fuel injection,



STEPS IN NUCLEAR ANALYSIS

The nuclear calculations proceeded in four basic steps. First, engine con-
figurations were selected in both one- and two-dimensional geometry with materials,
material temperatures, and region dimensions chosen on the basis of the reference
engine design study. The selected configurations consisted of a spherical geomelry
with a cavity of the same diameter as the cylindrical cavity in the reference engine
design, a cylindrical geometry with length equal to diameter but having neither an
exhaust nozzle port nor a fuel injection duct, and finally a cylindrical geometry
which approximated the geometry of the reference engine design and which included
both exhaust nozzle and fuel injection duct.

Secondly, three sets of neutron cross sections were established, Since the
reference engine design contained reflector-moderator materials at different
temperatures, hot hydrogen at a very high temperature between the cavity wall and
the fuel region, and a fuel region with a density profile which varied linearly
with radius, it was necessary to start calculations with cross section libraries
containing 24 neutron energy groups. Of these 24 neutron energy groups, 14 were
in the thermal neutron energy range from O to 29 electron volts with both up- and
down~scattering probabilities within this range. The multi-thermal-group cross
sections in the 2b-group set were used only in the spherical one-dimensional
ealculations. A second set of flux and volume-weighted cross sections consisting
of L neutron energy groups were generated from the multi-thermal-group, one-
dimensional calculations for use in two-dimensional calculations. The third set
of cross sections contained 1l neutron energy groups with down-scattering pro-
babilities only. The thermal group cross sections of the lh-group set were those
used in group 4 of the lL-group set.

Thirdly, a one-dimensional diffusion theory multi-group code with neutron
slowing down only was used to do parameter surveys to establish trends in critical
mass variations with variations in moderator voids, liner materials, structure
materials, liner thicknesses, and moderator thicknesses. The ll-group cross
sections were used for the parameter Survey.

The final step of the nuclear study consisted of the critical mass calculations
for two-dimensional configurations which included a two-dimensional cylinder without
nozzle or fuel injection duct and two-dimensional configurations including exhaust
nozzles and fuel injection duct with various amounts of structure materials in the
nozzle area.
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ENGINE SPECIFICATIONS AND NUCLEAR CONFIGURATIONS

The reference engine design used as a basis for nuclear criticality calcula-
tions is described in Ref. 1. A preliminary layout of the engine is shown in Fig. 1.
The configurations used to approximate the compositions, dimensions, and geometry
of the conceptual engine design for nuclear calculations agree in essential details
with the final design of Ref. 1 with the exception that substantially greater masses
of natural tungsten and steel in the heat exchanger and pressure vessel regions,
respectively, were used in the nuclear calculations. It was assumed that the effect
on critical mass due to reflection of either fast or thermal neutrons by the over-
estimation of material mass in the two outermost regions was negligible for the
following reasons. First, the fast neutron flux reaching these regions after
traversal of the reflector-moderastor was negligible, Secondly, the albedo for
reflection of thermal neutrons by natural tungsten is less than 0.5%. Finally, the
natural tungsten region was from 1 to 2 thermal neutron absorption mean-free-paths
thick, so that reflection of thermal neutrons by the outer steel pressure vessel
with an albedo of about 40% is diminished by thermal neutron absorption in the
ngtural tungsten.

For a well reflected cavity, the required critical fuel densities are approxi-
mately equal for a sphere and for a cylinder of the same diameter, the cylinder
having equal length and diameter. Therefore, an equivalent spherical configuration
was chosen with a diameter equal to 6 ft and with the various thicknesses of liner,
moderator, plenum, heat exchanger, and pressure shell equal to those for the
reference engine design. The equivalent spherical configuration is shown in Fig. 2.
The dimensions and volumes of the various regions in the spherical configuration
are shown in Table I. The fuel -containing region is divided into three regions of
equal volume. There are two regions of hydrogen: first a region adjacent to the
fuel which is at very high temperature and bressure, namely 100,000 R and 1000
atmospheres; the second hydrogen region 1is a cool region adjacent to the cavity
liner 2.0 in. thick and at a temperature of 5400 R. The next region is the cavity
liner which consists of tiny W-184 tubes cooled internally by helium plus a beryllium
containment vessel to prevent intercommunication of the helium coolant which passes
through the reflector-moderator and the hydrogen propellant within the cavity. The
next four regilons are reflector-moderator regions consisting of beryllium oxide,
graphite, a beryllium metal tank wall, and heavy water in that order. The
thicknesses of these various regions were chosen on the basis of maximum temperature
tolerances and heat balance considerations. Heating of the reflecto~-moderator
regions was considered to be due exclusively to neutron and gamma volumetric heat
deposition. The final two regions are a region containing the outer heavy water
beryllium tank, natural tungsten manifolding, and plumbing for the various coolant
cycles, heat exchangers, and propellant feed lines, and finally a steel pressure
vessel. In addition to the dimensions and volumes of the various regions, Table I
also indicates the number of radial mesh points employed in nuclear calculations
and the material temperatures assumed for each region.
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A two-dimensicnal cylindrical configuration which was used to approximate the
reference engine design with no nozzle and no fuel injection duct is shown in Fig.
3. The dimensions and materials used for the two-dimensional cylinder shown in
Fig. 3 are the same as those for the eguivalent sphere in all regions except the
fuel region and the hot hydrogen region adjacent to the fuel. The compositions of
the various materials in both the one- and two-dimensional configurations are
identical. Table II contains the compositions in the various regions for both the
one- and two-dimensional cases while Table III contains the dimensions of the two-
dimensional configuration. WNote that in Table IT the volume fractions in most
regions do rnot add up to 1.0, thus allowing for voids filled with helium coolant.
The presence of helium was neglected in the nuclear calculations because of its
small scattering cross section and negligible thermal neutron absorption cross
section. Table III also indicates the number of axial and radial mesh points
employed for each region and the material temperatures assumed for each region.
The numbers of mesh points in the axial and radial directions are additive so that
a total of 25 x 37 = 925 mesh points were used in the nuclear calculations for the
cylindrical configuration with no nozzle or fuel injection duct.

The reason for the different fuel region thicknesses in the two-dimensional
configuration as compared to the one-dimensional is that in the cylindrical con-
figuration the fuel density profile was considered to vary linearly with radius
but was congidered to be constant in the axial direction. Since the two-
dimensional configuration is the actual engine design for which criticality
caleulations were to be performed, the fuel densities and fuel region volumes
were calculated first for the cylinder. The spherical volumes were then made to
conform to those for the cylinder. In order to do this, the radii of the fuel
regions in the sphere had to be different from those in the cylinder; since the
outer fuel radius was different for the sphere, then the thickness of the hot
hydrogen layer for the spherical geometry also had to be commensurately less than
for the case of the cylindrical geometry.

In order to represent the entire engine design, it was necessary to provide
for exhaust nozzle penetration through one end of the cylinder and for a fuel
injection duct through the other end. Figure 4 shows the assumed approximation
of the exhaust nozzle geometry. In order to minimize the size of the penetration
through the pressure shell, it was assumed that the nozzle had 15-deg-convergent
and 30-deg-divergent cones and that these approach and exhaust cones were both
contained within the thickness of the pressure vegsel, The exhaust nozzle was
then assumed to be an annular slot through the pressure vessel with the volume of
void equal to the total void volume in the six exhaust nozzles of the reference
engine design. Since the nozzle was embedded in the pressure vessel, a rather
long nozzle approach was inserted in the form of a annular slot, equal in thickness
to the hydrogen region between the fuel and the cavity wall. The material surrounding
the exhaust nozzle was assumed to be of sufficient volume to allow transpiration
cooling in the nozzle throat and in the convergent and divergent parts of the
nozzle. The large annular slot leading toward the nozzle approach was assumed
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to be lined in one case with the same materials that lined the inner cavity wall
(a combination of W-184 and beryllium), and in another with pure W-184.

The fuel injection duct geometry was chosen to be that used in Ref. 16, namely
a hafnium sleeve one-half-inch thick surrounding an injection hole 0.08 in. in dia-
meter. The geometry of the fuel injection duct is shown in Fig. 5.

The dimensions of the exhaust nozzle and fuel injection duct and the com-
positions of the materials within these two regions are given in Tables IV and V,
respectively.

As was mentioned previously, the fuel concentration in the conceptual engine
design was assumed to vary linearly with radius from the centerline peak concentra-
tion to zero concentration at the edge of the fuel cloud. The cylindrical fuel
region was divided into three equal volumes. Figure 6 depicts the fuel conceniration
profile and the average fuel densities in each of the three fuel volumes which were
used to similate the real density profile. The differences in region radii between
the cylindrical and spherical geometry were necessary to assure that both geometries
were divided into three regions of equal volume.

The fuel and hot hydrogen were assumed to be at g temperature of 100,000 R and
a pressure of 1000 atmosphercs. Under these conditions, the fuel is approximately
triply ionized, and the hydrogen is totally ionized. Since there is a fuel con-
centration profile, the concentration of hydrogen also varies with radius. 1In
order to estimate this variation of hydrogen density with radius with relation to
the fuel density profile, 1t was assumed that the total particle density within the
fuel region was constant at 1.32 x 16°7° particles per cubic centimeter. Figure T is
a plot of hydrogen ion density versus fuel ion density for the assumed cavity
temperature and pressure conditions. Ratios of hydrogen concentrations to fuel ion
concentrations were used from this figure for the three different fuel regions in
each calculation.

For the two regions containing hydrogen alone, the concentrations, partial
pressures, and total hydrogen atom densities for H,, H, and H+ were taken from
Ref. 1T and indicated in Table VI for the various temperatures and pressures used
in this study.

Finally, the densities and weights of all materials employed in the various
reactor criticality calculations are surmsrized in Table VII. Table VII contains
the atom densities and the mass densities of the various materials plus a surmaxy
of the total mass of the various materials used for the spherical one-dimensional
geometry, the two-dimensional cylindrical geometry with no nozzle and no fuel
injection duct, the cylindrical two-dimensional geometry with a nozzle and a fuel
injection duct using the W-16L4 nozzle approach liner, and the two-dimensional
geometry with nozzle and with fuel injection duct using the cavity liner material
for the approach to the nozzle. As was noted previously, the very large amount of
iron in the pressure vessel and the large amount of natural tungsten assumed to
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be in the heat exchanger and plumbing region between the reflector-moderator and
the pressure shell would not reflect a significant number of neutrons and therefore
did not affect the criticality calculations substantially.
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NEUTRON CROSS SECTIONS

Selection of the neutron energy group structure and cross section sets wa.s
governed primarily by the different temperatures which were employed in the solid
parts of the engine configurations and the presence of hot hydrogen in the fuel
region. In order to calculate neutron absorptions and spectra accurately for
adjacent regions in the reflector-moderator at quite different temperatures, it
was necessary to employ several thermal neutron energy groups in the range from O
to 1.125 electron volts. In addition, in order to calculate the effects of neutron
up-scattering by the presence of hydrogen at 100,000 R in the cavity, it was also
necessary to add several thermal neutron energy groups in the range between 1,125
and 29 electron volts. Thus, a basic set of 24 neutron energy groups was chosen
with 14 of the groups covering the range from O to 29 electron volts and the
remaining groups covering the range from 29 to 107 electron volts. Table VIII
contains the energy boundaries of the 24k-group structure. The fast neutron Cross
sections were calculated using the GAM-I code (Ref. 18) with slowing down spectra
calculated for the various local moderator materials., The slowing down spectrum
for the cavity region was assumed to be that of the beryllium oxide, the material
in largest quantity adjacent to the cavity. Thermal neutron absorption cross
sections were calculated using the TEMPEST code (Ref. 19) with the spectra chosen
again for the temperatures and materials of the local moderator regions. Thermal
neutron cross sections for the cavity region were calculated using the thermal
neutron spectrum of beryllium oxide. Up- and down-scattering probabilities with-
in the thermal neutron groups were calculated using the SOPHIST-I code (Ref. 20)
which uses a Maxwelljan distribution of moderator scattering atoms and an input
neutron spectrum also assumed to be Maxwellian at the neutron temperature of the
moderator with a 1/E tail at the nearest energy group boundary to § kT,. T, is
the neutron temperature and is assumed to be equal to the material temperature for
all regions except those within the cavity. The SOPHIST-T code inecludes in the
up- and down-scattering probabilities the enhancement of reaction rates due to
relative velocity. The transport cross sections for the various materials were
calculated by including this enhancement of reaction rate by the relative velocity
effects in all regions., Thus the transport cross section is given by

16

C¢r = O + 2 u‘ij Os (l - COs 9) (l)
b i 1=1 1

where the sum of the By y 1s the sum of the up- and down-scattering probabilities
from energy group 1 to all other energy groups J, and cos § is the mean value of
the cosine of the scattering angle.
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Trestment of Hot Hydrogen Scattering

The calculation of cross sections for the molecular hydrogen boundary layer
petween the hot hydrogen and the cavity wall and the hot ionized hydrogen at 100,000
R required special treatment. First, the hot hydrogen at 100,000 R can be assumed
to be completely ionized and dissociated. Therefore, its scattering cross section
is constant at 20 barns over all of the thermal neutron energy ranges. The SOPHIST-
I code included the relative velocity effects in caleulating enhanced reaction rates
for up- and down-scattering probzbilities. However, in calculating the transport
cross section, not only must the relative velocity enhancement of scattering rate
be included, but also some estimate mist be made of the mean cosine of the
scattering angle. In the special case where the hydrogen in the cavity is moving
faster than the neutrons flowing into the cavity, the average angle of scattering
in the laboratory system is nearly equal to that in the center of mass system.
Therefore, in the 1imit for a very slow-moving neutron colliding with hydrogen
moving at a very high speed, the scattering may be considered isotropic, i.e., the
mean cosine of the scattering angle may be considered to be zero. Treatment of mean
scattering angle has been reported in Ref. 2l where (1 - cos 6) was calculated for
atomic hydrogen gas as a function of the ratio of the speed of a colliding particle
to the most probable speed of a similar particle in a Maxwellian distribution.

A plot of (1 - €68 §) vs the ratio of neutron velocity to the most probable
velocity of atomic hydrogen is shown in Fig. 8. These values were used to calculate
the transport cross section by the equation:

15

Otr, = Ca + ?1 Miy Os, (1 - cos 8)1 (2)

i

Equation (2) is the same as Eq. (1) with the addition of group dependence in the
(1~ cos 8) term. Table IX contains atomic hydrogen Cross sections for the various
hydrogen temperatures used .

Tt should be noted that transport cross sections for atomic hydrogen were
calculated for temperatures of 100,000 R and 20,000 R. At 20,000 R and 1000 atmo-
spheres, the hydrogen environment contains a mixture of atomic and molecular
hydrogen. Further complications in the transport cross section for hydrogen
occur due to two factors when molecular hydrogen is present. First, the reduced
mass of the neutron-hydrogen scattering system increases for neutron energies
well below the binding energy of molecular hydrogen (~ 4.5 ev) because the hydrogen
scattering center has a mass twice that of atomic hydrogen. As a result, the
hydrogen scattering cross section per atom increases for molecular hydrogen.
Secondly, because the effective mass of the molecular hydrogen scattering center
approaches a value twice that of the neutron, the mean cosine of the scattering
angle is different from that for atomic hydrogen. No calculated or measured data
was found for values of (1 - cos §) for scattering interactions between thermal
neutrons and molecular hydrogen. Therefore, for neutron energies well below the
binding energy of hydrogen, ~ 4.5 ev, it was assumed that the value of cOS 6 vas
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half that for atomic hydrogen. TFor energies between the range of 1 and ) ev, the
limit of (1 - cos 6) was varied linearly with energy from 0.667 to 0.333. Figure &
contains the limiting values of (1 - cos §) for both molecular and atomic hydrogen,
Table X contains the hydrogen transport cross sections for molecular hydrogen at
the two temperatures employed, 20,000 R and 5400 R, 'The scattering cross sections
per atom for molecular hydrogen shown in Table X are measured values corrected for
thermal motion from Ref., 22 for tne average energy of each energy group. Figure 9
contagins plots of scattering cross section per atom versus energy for molecular
hydrogen reproduced from Ref, 22, There was assumed to be no atomic hydrogen in
the environment of hydrogen at 5400 R.

It is significant to note that, for atomic hydrogen at 20,000 R to 100,000 R,
transport cross sections in the very low energy groups below 0.1 ev (groups 22 to
2k) are as much as an order of magnitude greater than the transport cross sections
at the energies corresponding to the average neutron energy at that temperature
(groups 12 to 15). This means that not only is there a great deal of up-scaltering
of the neutrons in the low energy groups to higher energies, but that also the low-
energy neutrons experience a great deal of difficulty in diffusing across the hot
hydrogen regions.

Comparison of 24-Group and i -Group Cross Sections

In order to calculate two-dimensional configurations economically, the 2k-
group cross sections used in the one-dimensional spherical calculations were used
to generate volume- and flux-weighted k-group cross sections. The neutron energy
boundaries of the Y-group set are shown in Table VIII. In order to evaluate the
accuracy of the h-group set, companion problems were run for the spherical onc-
dimensional case in which a Eh-group calculation was compared with a Logroup calcula-
tion for identical fuel loadings and identical geometry. Table XI contains a com-
parison of the neutron balances from these two calculations. Tt can be seen that
Re(f: peak to average power, fuel absorptions per fiscion, and neutron source
calculations correspond very closely for the two calculations. Neutron leakages
and absorptions within the cavity also correspond closely for the two calculations,
The major differences occur in the fast fluxes and total fluxes and in comparison
of absorptions in the reflector-moderator. The cause of these differences is
attributed primarily to the inability of the h-group cross sections to calculate
accurately the communication of neutrons botween low energy groups in the reflector-
moderator materials adjacent to one another and at different temperatures. How-
ever, since the two sets of cross sections calculate cavity conditions accurately,
Lhe discrepancies in absorption and total Fluxes in the reflector-moderators do nol,
affeet the calculation of Kepp Or critical fuel loading Significantly, so [t was
assumed that the L-group cross section set could be used to calculate critical
masses for two-dimensional geomeiries.

. =



N

hod b

RESULTS OF ONE-DIMENSIONAL DIFFUSION THEORY CALCULATIONS

24 -Group Calculations

One-dimensional criticality calculations were performed using two different
neutron diffusion theory codes. The first set of calculations was made for the
spherical configuration whose dimensions and compositions are given In Tables I
and II, using the ULCER one-dimensional diffusion theory code (Ref. 23) and the 2k-
group cross sections., The principal objective of these calculations was to develop
flux- and volume-weighted 4-group cross sections for two-dimensional calculations.
In addition to generation of L-group cross sections, critical mass variations were
calculated for changes in fuel density profiles within the spherical configuration,
changes in fuel-containing volume, changes in the thickness of cool hydrogen layer
adjacent to the cavity liner, and for different nuclear fuels, Figure 10 shows
the results of U-233 critical mass calculations for both the uniform-fuel-density
profile (yielding a 35.25-1b critical mass) and for the stepped-density profile
(39.25-1b critical mass), in which the fuel-bearing region was divided into three
equal volumes. The fuel-density profile for the stepped fuel loading is that
shown in Fig. 6 for the spherical configuration. This increase in critical mass
for the stepped fuel density profile is attributed to self-shielding of the high-
density central fuel region, and to greater alteration of the spectrum of neutrons
flowing into the central fuel region due to a larger effective thickness of hot
hydrogen.

The neutron flux spectra from the 2h-group calculations are shown in Fig. 11.
The six flux plots are shown for the three principal reflector-moderator regions
and for three regions within the cavity. The different flux spectra show the
changes in neutron distribution with the temperature of the various reflector-
moderator regions and the marked effect of hydrogen up-scattering on the neutron
spectrum in the cavity. It can be seen, for example, that, in the hot-hydrogen
region where the hydrogen temperature 1s 100,000 R, the neutron spectrum peak is
only'hO% of the peak value of the flux in the beryllium oxide region. In addition
to the flux spectra, the growth of integrated flux with energy is shown for the
beryllium oxlde and fuel regicns in Fig. 11. It can be seen from these plots that
the presence of the hot hydrogen causes the ratio of group-3 to group-h integrated
fluxes to be 0.62 in the fuel region as compared to 0.20 in the beryllium oxide
region,

It is fortunate in the case of U-233 that there are several fission resonances
between 1 and 5 electron volts so that up-scattering of neutrons within the cavity
does not affect critical mass requirements dramatically. This is not the case when
U-235 or Pu-239 fuels are used. In order to compare U-233 critical mass require-
ments with those of U-235 and Pu-239, calculations using 2L -group cross sections
were made for the one-dimensional equivalent spherical geometry using U-235 and
Pu-239. The results of these calculations are shown in Table XII and indicate
that the critical mass for U-235 is 120.0 lb and for Pu-239 is 149.5 1b as compared

to critical mass requirement of 37.25 1b for U-233 in the identical spherical geometry.
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Two other sets of 2k -group one-dimensional calculations were performed using
U-233 fuel with the stepped density profile. The first of these sets demonstrates
the effect of fuel volume variation on critical mass requirements. The results of
these calculations are shown in Fig. 12, For these cases, the fuel-containing
volume was varied from 0.80 to 1.20 times that of the basic case. The variation
of critical mass over this range of fuel volumes was from sbout 38.6 1b of U-233
for the smallest fuel volume to about 36.7 1b of U-233 when the fuel -bearing
volume was 1.20 times that of the basic case. Two factors contribute to these
variations in critical mass with fuel volume variation: the first is an increase
in self-shielding as the fuel volume is collapsed, and the second is an increase
in the thickness of the hot hydrogen layer between the cavity wall and the fuel
which causes greater changes in the spectrum of neutrons entering the fuel region.

The variation of critical mass requirements with the thickness of the cool
hydrogen layer adjacent to the cavity wall is shown in Fig. 13. For these calcula-
tions, the thickness of the molecular hydrogen layer at 5400 R was varied from 1
to 3 in. The critical mass requirement over this range varied from 40.0 1b for the
l-in.-thick layer to about 34.9 1b for the 3-in,-thick layer. This decrease in
critical mass with increased molecular hydrogen boundary layer thickness is attri-
buted to an increase in the slowing down power of the reflector-moderator as more
cold hydrogen is placed adjacent to the cavity wall.

These last two results have interesting effects on the transient behavior of
nuclear rocket cavity reactors. For example, a decrease in fuel region volume
would lead to a cooling of the hydrogen region since the reactivity of the system
would go subcritical. The cooling of the hydrogen region would tend to cause the
molecular hydrogen layer at the cavity boundary to grow, inserting a positive
reactivity effect. Further analysis is necessary to determine whether the positive
effect of the growth of the molecular hydrogen layer could override the negative
reactivity effect of a collapsing fuel volume,

1Lk-Group Calculations

Additional one-dimensional calculations for the basic spherical geometry were
made using the FAIM one-dimensional diffusion theory code which provides only for
neutron slowing down (Ref. 24). Fast neutron energy groups from the standard 18-
group neutron cross section library for the FATM code were coupled to the thermal
group cross sections between 0 and 1.125 ev which were generated by *the UICER
calculations, thus yielding a lh-group cross section library. The one-dimensional
calculations were performed to guide the choices of materials and moderator coclant
schemes employed in the reference design study. Calculations were performed to
examine the effects of void fraction, variation of inner liner thickness, moderator
zone thicknesses, and W-184 enrichment on the U-233 critical mass., The void
fraction in the moderator region consists of the coolant passages through which
the helium coolant must pass to remove the volumetric heat load in each region,
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passages through which hydrogen propellant is transmitted to the cavity, and
tolerance allowances'in piecing together segments of the moderator. Critical mass
caleulations were performed in which the void fractions in each of these regions
were varied separately from zero to twice that required for the reference engine
design, and for a final case in which the void fractions in all three regions were
varied simultaneously from zero to twice those required in the reference engine
design. These results are shown in Figs. 14 through 17. Figures 14 through 16
show the results for variations in void fraction in the beryllium oxide, graphite,
and heavy water regions, respectively. Over the range from zero void fraction to
twice that required by the reference design, the critical mass does not vary by more
than 5%, the effect of variation in void fraction in the beryllium oxide region
being the greatest. On the other hand, when the void fraction is varied simul-
taneously in all three reflector-moderator regions, the results shown on Fig. 17
indicate that critical mass can vary by 30% over the range from zero void fraction
to twice that required by the spherical analogue of the reference design. FKor
purposes of comparison, the critical mass of the 1lh-group FAIM calculation was

36.8 1b while that for the ol-group ULCER calculation was 35.25 1b for the basic
spherical configuration with a uniform fuel density profile. The use of a uniform
fuel density profile was necessitated in the FAIM calculations by a limitation to
ten material regions instead of the twelve regions allowed in ULCER. The reason
for agreement to within about L 4% between the 24- and lh-group calculations is
that U-233 is relatively insensitive to transfer of neutrons by up-scattering inter-
actions across the 1.125 ev boundary of the thermal neutron energy group of the 1h-
group cross sections. For any fuel other than U-233, agreement between the two
codes would not be expected to be as good.

In order to evaluate the effect of the thickness of a W-184 tube liner along
the cavity wall, the density of W-184 in that liner was varied from zerc to 10
times the reference design density. The results of these calculations are shown
in Fig. 18. The principal result is that the basic liner for the equivalent
spherical configuration causes an increase in critical mass relative to that with
no liner by approximately 60%. The rapid increase in critical mass as the liner
density increases from 5 to 10 times that of the basic case indicates that a liner
of thickness much greater than that used in the'conceptual engine design cannol be
tolerated. In fact, the increase in critical mass due to the W-184 liner employed
for the first reference design has motivated plans for a second design (see Ref, 1)
which would employ a liner configuration in which beryllium tubes were covered with
niobium-carbide-coated pyrolytic graphite; such a configuration would provide far
less neutron poisoning than tubes made from W-184,

The rather high critical masses with the basic reflector-moderator configuration
lead to an investigation of the effect of the thickness of the heavy-water region on
U-233 critical mass. The results of these calculations are shown in Fig. 19. It
can be seen that doubling the heavy water region thickness can reduce critical mass
requirements by about 25%. In addition to reducing the critical mass requirements,
the use of a thicker reflectcr-moderator would also reduce the sensitivity of the



system to liner thickness, liner neutron poison, and the presence of structural
poisons in the reflector-moderator regions. However, as can be seen from Fig. 19,
there is a considerable weight penalty involved in increasing the thickness of the
heavy water region. In addition to the added weight of heavy water created by
doubling the thickness of this region, the weight of the pressure shell would &lso
increase substantially due to the increased over-all size of the rocket engine,

The reference engine design employed tungsten as a high-temperature material.
The tungsten employed in moderator regions was pure 184 isotope, since natural
tungsten has a thermal neutron absorption cross section about an order of magnitude
larger than that for the 184 isotope. However, W-184 is extremely expensive to
obtain in high purities. Therefore calculations were made to investigate the effect
of the W-184 enrichment on critical mass in the spherical configuration using the
structural materials established for the reference engine design. The results of
these calculations, shown in Fig. 20, indicate that W-184 enrichment must be equal
to or higher than 97.5% to limit the increase in critical mass due to addition of
natural tungsten to less than 15%.

The results of the 1lh-group one-dimensional calculations lead to estimates of
critical mass considerebly greater than employed in earlier studies (Ref. 25).
Table XIIT contains a summary of the critical mass buildup and attempts to indicate
the causes for this increase in critical mass. This table shows critical mass
requirements as various factors affecting the critical mass are added to the con-
figuration. Starting with a critical mass of 16.4 1b for a spherical configuration
containing fuel and hot hydrogen at 500 atm and 100,000 R and with idealized
reflector-moderator regions with material densities considerably above those used
in the reference engine design, it can be seen that by systematic introduction of
factors affecting critical mass such as an increase in cavity pressure, decreases
in reflector-moderator densities to accommodate voids for coolant and propellant,
addition of a W-184 heat-resistant cavity liner, and the use of W-184 plumbing
structure, critical mass is increased to 36.8 1b. It can be seen from these
tabulated results that one of the major causes for critical mass buildup is the
presence of the W-184 liner in the cavity. The next most important factor appears
to be the introduction of voids in the reflector-moderator regions.

Further caiculations to duplicate the results of the Corporate-sponsored
calculations which were used for the critical mass estimates employed in Ref, 25
were not attempted because generation of cross sections for different moderator
temperatures and hot hydrogen temperatures would have been necessary. Furthermore,
the lh-group calculations used to obtein the results of Table XITT yielded critical
mass about 4.4% higher than the companion 2k-group calculation for the spherical
analogue of the reference engine design.

The critical mass employed for the studies of Ref. 25 was estimated by

multiplying the critical mass for the spherical configuration shown in the
first row of Table XIII (12.3 1b) by a factor of 3/2 to obtain the critical
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mass requirements for a cylindrical configuration of equal length and diameter and
with a cavity diameter equal to that of the sphere. It is shown in the next section
that this method of estimating critical mass for a cylindrical configuration does
not appear to be valid when there is appreciable neutron leakage from the reflector-
moderator.

16 S



1
X T
w
'L
Gano

RESULTS OF TWO-DIMENSIONAL DIFFUSION THEORY CALCULATIONS

Two-dimensional diffusion theory calculations of U-233 critical mass require-
ments using the TWENTY GRAND code (Ref. 26) were made for a cylindrical geometry
using three different assumptions concerning the nozzle and fuel-injection duct:
no nozzle and no fuel-injection duct; with a fuel-injection duct and nozzles
penetrating the reflector-moderator and pressure shell; and with nozzle and fuel
injection ducts but with less W-184 structure in the nozzle~approach region. The
results of the two-dimensional calculation for the case with no nozzle and no fuel
injection duct are shown in Fig. 21, The critical mass requirements for this con-
figuration amount to 35.7 1b of U-233, This mass is considerably less than that
projected from the one-dimensional calculations, and the difference is attributed
to less leakage from the two-dimensional configuration than was calculated for the
one-dimensional equivalent sphere and a lower ratio of fast-to-thermal neutron flux
in the cylindrical configuration. Figure 22 contains midplane radial neutron flux
plots for all four energy groups for both the cylindrical configuration with no
nozzle or fuel-injection duct and the equivalent spherical configuration. Both sets
of fluxes are normalized such that the peak values are 1 neutron/cm®-sec. It can be
seen that the ratio of group-1 flux to group-4 flux in the fuel region for the
cylindrical configuration is approximately 1.0 while for the equivalent sphere it
is about 1.5. Furthermore, the group-3 flux in the fuel region in the cylinder is
nearly twice that in the sphere. Thus, the cylindrical configuration exhibits a -
considerably softer neutron flux in the cavity than does the spherical configuration
with the same cavity diameter and identical reflector-moderator thickness and com-
position.

Table XIV contains comparisons of neutron absorptions per region for the two
geometries. It can be seen from this table that the absorptions in (and hence
neutron leakages into the natural tungsten and iron pressure vessel for) the
spherical configuration are greater than those for the two-dimensional calculations,
Also, the ratio of neutron absorptions in the outer two regions to absorptions in
the reflector-moderator regions for the spherical configuration is 1.5 times the
same ratio for the cylinder. It can be concluded from these results that the
analogy which states that critical fuel density for spheres and cylinders with
equal length and diameter should be identical is not good for cases in which the
reflector-moderator is not a semi-infinite region., That is to say, the analogy
between an equivalent sphere and a cylindrical cavity with a length to diameter
ratio of 1 is good only in those cases where a large and highly efficient reflector-
moderator 1s employed. S

Figures 22 and 23 contain midplane radial neutron flux plots and centerline
axial neutron flux plots for the cylindrical configurations with no nozzles. The
shapes of these flux plots are typical of cavity reactors. Neutron group-4 (thermal)
flux peaks in the reflector-moderator region and is depressed slightly as the radius
approaches zerc in the fuel region. The group-3 flux, which extends from 1,125 to
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29 ev, builds up only slightly in the reflector-moderator region and is depressed
similarly to the group-4 flux in the fuel region. The group-1 and group-2 fluxes
exhibit slowing down spectra in the reflector-moderator region as might be expected
and are relatively flat in the diffuse cavity region.

The results of two-dimensional diffusion theory calculations for the reference
engine design with exhaust nozzles and fuel injection duct are shown in Fig. 2.
Two different exhaust nozzle approach liners were used; one consisting of pure W-18k
with an effective thickness of 0.17 thermal neutron absorption mean-free-paths, and
the other consisting of internally cooled W-184 tubes such as those used for the
cavity liner with an effective thickness of 5.8 x 107® thermal neutron mean-free-
paths. The latter configuration with the W-184 tubes lining the exhaust nozzle
approach is referred to as the reference engine design, and the configuration with
the pure W-184 exhaust nozzle approach liner is considered a modified version of
the reference engine design. The fuel injection duct geometries and the exhaust
nozzle geometry are shown in Figs. 5 and 6, while the dimensions and compositions
for all regions are given in Tables I, II, IV, and V. The fuel injection duct was
assumed to be a black absorber in group-3 and group-L, while in group-1 and group-2
the regular hafnium fast-group cross sections were employed. In order to simulate
neutron streaming leakage from the exhaust nozzle region, a black absorber was
placed adjacent to the end of the reactor configuration containing the nozzle
annulus. This use of a black absorber for all neutron energy groups at this
position provided neutron flux gradients which were governed by the diffusion
coefficients of the regions adjacent to the black absorber, namely, the diffusion
coefficients of iron for the pressure vessel and the large diffusion coefficients
for the hydrogen in the nozzle throat annular slot.

Two different exhaust nozzle approach liners were used for the reference
design configuration., The first calculation was for the modified reference engine
design with W-184 for the exhaust nozzle lining material, resulting in a critical
mass of 60.9 1b. The next calculation was performed for the reference engine
design in which the nozzle approach liner was constructed of the same W-18L tubes
used for the cavity inner liner., This change reduced the critical mass to 50.1 1b.
If compariéon of these results is made to the two-dimensional calculation with no
nozzles and no fuel injection duct, it must be concluded that the presence of the
anmalar nozzle approach slot and the fuel injection duct causes an increase in
eritical mass from approximately 35.7 1b to 50.1 1b.

Figures 25 through 28 contain radial flux plots for the two-dimensional
modified reference engine design. The first set of flux plots in Fig. 25 are taken
through the fuel injection duct at an axial position which penetrates the graphite
moderator region at its midpoint. It can be seen that the group-3 and group-k
fluxes are depressed by the presence of the fuel injection duct which is treated
as a black absorber, while the group-1 and group-2 fluxes are relatively flat
through both the graphite region and the hafnium injection duct. Figure 26 shows
the midplane radial neutron flux distributions for the four energy groups employed.
The comments regarding the flux distributions for the cylindrical configuration
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with no nozzles apply to these flux distributions as well. Figure 27 contains
radial neutron flux distributions through the axial midplane of the nozzle approach
slot. It can be seen from these plots that the presence of a relatively thick
region of W-184 as a lining material for the nezzle approach depresses the group-~4L
flux considerably. This is why the critical mass for the configuration using w-184
in the nozzle approach is about 20% larger than for the reference engine design in
which the nozzle approach liner is made of the same tiny W-184 tubes employed in
the cavity liner. It can also be seen from these flux plots that the group-1 flux
begins to peak In the nozzle approach slot, indicating a streaming of fast neutrons
through the nozzle. The group-2 flux is only slightly affected by the presence of
the nozzle approach liner and the 20,000 R hydrogen in the nozzle. The group-3
flux peaks in this region principally because of the presence of hydrogen at 20, 000
R which tends to up-scatter the group-L neutrons into group-3. The final radial
flux plot for the modified reference engine design is shown in Fig. 28 and is plotted
for the axial midplane of the nozzle throat. This plot shows the streaming of fast
neutrons out through the nozzle very dramatically. It also shows a tendency for a
peaking of the group-2, 3, and L fluxes. The odd shape of the group-2 flux can be
attributed to resonance absorption of neutrons by the W-184,

Calculations were alsc performed to evaluate the effect of nozzle throat size
on critical mass. These results are contained in Table XV. It can be seen that the
width of the annular nozzle throat has little or no effect on critical mass. 1In
fact, the values of k,,, for the cases in which the exhaust nozzle width was doubled
and tripled were so close to k,,¢ for the modified reference design engine that the
critical masses in Table XV were estimated by applying the ratio of (ak/k) = (aM_/M,.
This result is not surprising, since the relative size of the ares of the nozzle throat
is extremely small, and since the tungsten surrounding the throat is such a poor
reflector of neutrons,

Table XV contains a summary of the reswlts of all the two-dimensional calcula-
tions. The results calculated are tabulated and show the increase in critical mass
from the cylindrical geometry with no nozzle and no fuel injection duct to the
critical mass for the configuration which includes the exhaust nozzle and fuel
injection duct and the W-184 liner for the exhaust nozzle approach, Examination
of these results indicate that a reduction of critical mass could be achieved by
employing little or no W-18k and by reducing the volume of moderator material
lost to the nozzle approach slot region, The highest value of ceritical mass,

60.9 1b, calculated for the modified reference engine design can be considered a

pessimistic result. A critical mass of 46.3 1b was estimated for s configuration
with no fuel injection duct but with the reference engine design exhaust nozzles

with their approach slot lined with the cavity liner W-184 tubes. This mass was

estimated using the criteria of the ratio of fuel injection duct surface ares to

cavity surface area from Table IIT of Ref. 16.

Table XVI contains a summary of the effect on U-233 critical mass resulting

from changes in weights of moderator, propellant, and structural materials and by
changes in dimensions of fuel, hydrogen, and moderator regions for both one- and
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two-dimensional calculations. The factors for the one-dimensional calculations are
helpful in indicating the regions to which attention should be concentrated to
reduce critical mass. For example, addition of beryllium oxide to the inner
reflector-moderator region is of more worth than increasing the thickness of the
outer heavy-water region. With regard to the variation of fuel volume and cool
hydrogen layer, the growth in the cool hydrogen layer thickness need only be about
1/5 the reduction in fuel region radius to overcome the negative reactivity effect
of fuel region collapse. Comparison of one- and two-dimensional mass change factors
indicates that removal of moderator from a localized region such as the nozzle
approach volume is worth approximately twice as much as uniform removal or addition
of moderator in the spherical case. Results indicate that use of a nozzle approach
volume one-half of that used in this study would reduce critical mass by 7.9 1b
assuming linear behavior of (AM, /M) + (AMu,a) for the cylindrical configuration.

Further work on conceptual engine design should include removal of all
possible poisons from the reflector -moderator region, the use of high-density
pyrolytic graphite in the high-temperature reflector-moderator region, and
reduction of the volume of nozzle approach.
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LIST OF SYMBOLS

Mean cosine of neutron scattering angle, dimensionless

Neutron energy, ev

Average energy of neutron energy group i, ev

Energy, electron volts

Boltzmann's constant, erg/K

Effective multiplication factor, dimensionless

Critical mass, 1b or Kg

Mass

Mass

Mass

Atom

Atom

Atom

Atom

of all moderator materials, 1lb or Kg

of material x, 1b or Kg

of hydrogen atom, gm

density
density
density

density

of all hydrogen species, atoms/cm®
of molecular hydrogen, atoms/cm®
of atomic hydrogen and hydrogen ions, atoms /cm®

of uranium, atoms/cm®

Pressure, atm

Partial pressure of atomic hydrogen, atm

Partial pressure of hydrogen ions, atm

Partial pressure of molecular hydrogen, atm

Radius, in. or cm

Fuel region radius, in. or cm

Temperature, R or K

Hydrogen temperature, R or K
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LIST OF SYMBOLS (contd.)

Neutron temperature, R or K
Aversge speed of neutrons in energy group 1, cm/sec
Most probable speed, cm/sec

Probability of neutron transfer from energy group i to energy group
J by scattering interaction, dimensionless

Fuel density, gm/cm® or 1b/ft®

Average fuel density, gm/cm® or 1b/ft®
Centerline fuel density, gm/cm® or 1b/ft3
Neutron absorption cross section, barns
Neutron scattering cross section, barns
Neutron transport cross section, barns
Integrated neutron flux, neutrons/cnf -sec

Differential neutron flux, neutrons/cm?-sec-ev
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TABLE V

COMPOSTITION OF EXHAUST NOZZIE COMPONENTS AND FUEL INJECTION

DUCT USED IN TWO-DIMENSIONAL CALCULATIONS FOR REFERENCE

ENGINE DESIGN WITH NOZZLES

Dimensions of Regions Given in Table IV
Geometry Shown in Fig. 4 and 5

Region Volume Fractions

Description No. w-lB&*IVH at 20,000 R | 5f |Be [w-184
Nozzle Approach 13 -- 1.0 - - —
Nozzle Throat 1k -- 1.0 - -- -
Nozzle Approach

Inner Annular Sleeve 15 0.8 -- -- 0.150 0.230
Nozzle Approach

Outer Annular Sleeve 16 0.8 - - 0.150 0.230
Nozzle Thro.at

Inner Annular Sleeve 17 0.8 -- - - _—
Nozzle Throat

Quter Annular Sleeve 18 0.8 -- -- - -
Fuel Injection Duct 19 - -- 0.9 - -
Black Absorber Region 20 - - - - -

% Volume Fractions employed for special case in which nozzle approach liner
was pure W-184.
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TABLE VIII

NEUTRON ENERGY GROUP STRUCTURE

Group Number,

Neutron Upper Energy Lower Energy Four-Group
Energy Group Limit Limit Structure
ev ev

1 1.0 x 107 2.865 x 108 [
2 2.865 x 10° 1.35 x 10°

3 1.35 x 108 8.21 x 10°

L 8.21 x 10° 3.88 x 10° 1

5 3.88 x 10° 1.11 x 10°

6 1.11 x 10° 1.50 x 10*%

7 1.50 x 10* 3.35 x 10°

8 3.35 x 10° 5.83 x 102 _
9 5.85 x 102 1.01 x 10° 2

10 1.01 x 10° 29.0

11 29.0 8.32

12 8.32 3.06
13 3.06 2.38 3
14 2.38 1.86
15 1.86 1.44
16 1.4 1.125
17 1.125 0.685 -
18 0.685 O.h1k

19 0.1k 0.3
20 0.3 0.2 L
21 0.2 0.1
22 0.1 0.05
23 0.05 0.015
24 0.015 0.0 )
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TABLE XII

EFFECT OF SUBSTITUTION OF URANTUM-235 OR PLUTONIUM-239 FOR URANIUM-
CRITICAL MASS IN THE ONE-DIMENSTONAL SPHERICAL CONFIGURATION

Geometry of Spherical Configuration Shown in Fig. 2
Dimensions and Compositons of Material Regions Used
in Spherical Configuration Given in Tables I and II
Calculations Performed Using 2k-Group Cross Sections

Critical Mass
Nuclear Fuel

M 1b .
U-233 36.9
U-235 120.0
Pu-239 149.5
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TABLE

XI1v

COMPARISON OF NEUTRON ABSORPTIONS EY REGIONS FOR ONE-DIMENSIONAL SPHERICAL

CONFIGURATION AND TWO-DIMENSIONAL CYLINDRICAL CONFIGURATION WITH NO NOZLE

Geometry and Dimensions of Spherical

Configuratin Given in Fig. 2 and Table I.

Geometry and Dimensions of Cylindrical Configuration Given in Fig. 3 and Table III.
Composition of Material Regions for Both Geometries Given in Table II.

Region Total Absorptions Per Region
Spherical Cylindrical
Description No. Configuration ! Configuration
Inner Fuel Region 1 0.26290 0.27091
Center Fuel Region 2 0.13410 0.13390
Outer Fuel Region 3 0.04229 0.04181
Hot Hydrogen Layer L 0.00033 0.00040
Cool Hydrogen Layer 5 0.00976 0.01222
Inner Liner 6 0.05302 0.08076
Beryllium Oxide 7 -0.00836 -0.00055
Graphite 8 0.02802 0.02985
Beryllim Vessel 9 0.00392 0,00418
Heavy Water 10 0.02889 0.02797
Tungsten Plumbing 11 0.42710 0.37996
Steel Pressure Shell 12 0,0176k 0.01857
TOTAL 0,99761 0.99998
Ratios of Region Absorptions Spherical Configuration Cylindrical Configuration
Fuel Absorptions (Reg. 1, 2, and 3) 0.43929 80 0.44662 . 5 gaug
- ~—==== = 3,8007 A dnmatiod .
Moderator Absorptions (Reg. 4-10) 0.11558 0.15483
Tungsten Plumbing and Steel Pressure
Shell Absorptions (Reg, 11 and 12) O.uhhpy 3.8479 0.39853 - 2.5740
Moderator Absorptions (Ref. 4-10) 0.11558 0.15483
Inner Liner Absorptions (Reg. 6) 0.05302 _ 0.4587 0.08076 _ 0.5216
Moderator Absorptions (Reg. 4-10) 0.11558 0.15483
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BASIC SPHERICAL GEOMETRY USED
IN ONE-DIMENSIONAL CALCULATIONS

- CONFIGURATION SPHERICALLY SYMMETRIC
- ALL DIMENSIONS IN CM

- CIRCLED NUMBERS INDICATE REGIONS
DESCRIBED IN TABLES IT TO I

FIG. 2

PRESSURE SHELL
TUNGSTEN PLUMBING

MODERATORS

INNER LINER
HYDROGEN

U-233 FUEL

b3



BASIC CYLINDRICAL GEOMETRY USED IN
TWO-DIMENSIONAL CALCULATIONS

- CONFIGURATION SYMMETRICAL ABOUT AXIAL CENTERLINE AND RADIAL MiID-PLANE
- ALL DIMENSIONS IN CM
- CIRCLED NUMBERS INDICATE REGIONS DESCRIBED IN TABLES IT TO I

FIG. 3

PRESSURE
SHELL !

TUNGSTEN
PLUMBING | ()

MODERATORS —| ié)

189.976
©]

INNER LINER —=

HYDROGEN

165.100

1
151.638.

U-233 FUEL —

80.010

RADIAL L

MID-PLANE

0%'
tl

83
165.100 — -

=

188.976

AXIAL
CENTERLINE

A SIS,

v,



eowa
.
'"TEE:

GEOMETRY OF EXHAUST NOZZLE USED IN SOME
TWO - DIMENSIONAL CALCULATIONS

— CONFIGURATION SYMMETRICAL ABOUT AXIAL CENTERLINE, BUT NOT
RADIAL MID-PLANE

— ALL DIMENSIONS IN CM

— SEE FiG. 3 AND TABLES TI THROUGH T FOR DESCRIPTION OF
REGION NUMBERS

1422

FIG. 4
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GEOMETRY OF FUEL-INJECTION DUCT USED IN SOME
TWO — DIMENSIONAL CALCULATIONS

— CONFIGURATION SYMMETRICAL ABOUT AXIAL CENTERLINE, BUT NOT
RADIAL MID-PLANE

— ALL DIMENSIONS IN CM

- SEE FIG.3 AND TABLES II TO I¥ FOR DESCRIPTION OF REGION

NUMBERS
!
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FIG. 6

FUEL CONCENTRATION PROFILES USED IN ONE- AND TWO- DIMENSIONAL
CALCULATIONS TO SIMULATE LINEAR VARIATION OF NUCLEAR FUEL
DENSITY WITH RADIUS FROM CENTERLINE TO OUTSIDE EDGE OF FUEL

AR, =CENTERLINE FUEL DENSITY
P:p [n - %], FOR UNIFORMLY DISTRIBUTED FUEL, ,6=—P§-

RADIUS RATIOS, —;;, CHOSEN SUCH THAT FUEL REGION
WAS DIVIDED INTO THREE REGIONS OF EQUAL VOLUME

1.000 , : —
Q l° R ]
) P Po['_ R
>
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> |8 / SPHERICAL
aid A :/
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ik !
35w I |
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= |
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W i
o i I
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0.090 -
0 ] |
0 0.578 o8r7 1.000
RADIUS IN CYLINDRICAL GEOMETRY R
FUEL REGION RADIUS Ry
I N 1 i R
0 0.694 0.875 1000
RADIUS IN SPHERICAL GEOMETRY R
FUEL REGION RADIUS Ry
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FIG., 7
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Kett

EFFECTIVE MULTIPLICATION FACTOR

FIG. 10

U-233 CRITICAL MASS DETERMINATION USING
24 - NEUTRON - ENERGY = GROUPS FOR

ONE - DIMENSIONAL SPHERICAL GEOMETRY

— DIMENSIONS AND COMPOSITIONS USED IN SPHERICAL
CONFIGURATION GIVEN IN TABLES I AND I

— GEOMETRY FOR SPHERICAL CONFIGURATION SHOWN

IN FIG. 2
TABLE OF RESULTS
FUEL DENSITY |u-233 CRIT’CA\_F BK/K
| PROFILE | MASS | OMc/Mg
UNIFORM | 25.25 '1 0.402
_ﬂfffq,ﬁl 3725 | 0306

.06

o
rS

.02

1.00

0.98

096 | ¢ wend o

0 .94

35 45
MASS OF U-233 FUEL IN SPHERJCAL CONFIGURATION, M. - LB
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CALCULATED CRITICAL MASS QF

- LB

SPHERICAL CONFIGURATION, M

EFFECT OF FUEL VOLUME VARIATION ON U-233 CRITICAL
MASS FROM ONE-DIMENSIONAL CALCULATIONS USING
24 -NEUTRON -ENERGY GROUPS

- DIMENSIONS AND COMPOSITIONS FOR BASIC SPHERICAL
CONFIGURATION GIVEN IN TABLES T aND IO

- THICKNESS OF HOT HYDROGEN REGION SURROUNDING
FUEL (REGION 4 , SEE FIG.2 ) MODIFIED WITH EACH
CHANGE IN FUEL REGION RADIUS

FiG. 12

1.25
FRACTION OF BASIC FUEL VOLUME
f mi T - —1
54.2 722 90.2 108.3

RACIUS OF FUEL REGION - CM
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CA_CU_ATED CRITICAL MaSS OF
SPHERICAL CONFIGURATION, M. -

Sk

-8

LN O 2]

FIG. 13

EFFECT OF VARIATION OF THICKNESS OF COOL HYDROGEN
LAYER NEAR CAVITY WALL ON U-233 CRITICAL
MASS FROM ONE-DIMENSIONAL CALCULATIONS

USING 24 - NEUTRON-ENERGY GROUPS

- DIMENSIONS AND COMPOSITIONS FOR BASIC SPHERICAL
CONFIGURATION GIVEN IN TABLES I ANDIL

- THICKNESS OF HOT HYDROGEN REGION SURROUNCING
FUEL (REGION 4; SEE FIG 2) MODIFIED WITH EACH

CHANGE IN THICKNESS OF COOL HYDROGEN LAYER
(REGION 5; SEE FI1G.2)

1.6¢
THICKNESS OF COOL HYDROGEN LAYER - CM
r T T 1
] 2 3 4

THICKNESS OF COOL HYDROGEN LAYER - IN.
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FiG 14

ONE - DIMENSIONAL CALCULATION OF THE EFFECT OF

VARIATION OF VOID FRACTION

CALCULATED CRITICAL MASS OF SPHERICAL CONFIGURATION,

IN BERYLLIUM OXIDE

MODERATOR REGION ON U-233 CRITICAL MASS

- LB

Mc

- CALCULAT'CNS MADE IN SPHERICAL GEOMETRY WITH
UNIFORM FUEL DENSITY PROFILE

- ONE THERMAL NEUTRON ENERGY GROUP USED WITH
AVERAGED CROSS SECTIONS FROM 24-NEUTRON-
ENERGY- GROUP CALCULATIONS

- STANDARD VOiID FRACTION IN BERYLLIUM OXIDE
MODERATOR REGION = 0.091

phiaat
L I I

Ly

0.5 1.0

FRACTION OF STANDARD VOID FRACTION
7273 6880 6546 628

WEIGHT OF BERYLLIUM OXiDE MODERATOR - LB

5887
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FIG 15

ONE - DIMENSIONAL CALCULATION OF THE EFFECT OF
VARIATION OF VOID FRACTION IN GRAPHITE
MODERATOR REGION ON U-233 CRITICAL MASS

- CALCULATIONS MADE iIN SPHERICAL GEOMETRY WITH
UNIFORM FUEL DENSITY PROFILE

- ONE THERMAL NEUTRON ENERGY GROUP USED WITH
AVERAGED CROSS SECTIONS FROM 24-NEUTRON-
ENERGY - GROUP CALCULATIONS

- STANDARD VOID FRACTION IN GRAPHITE MODERATOR
REGION = 0.068

L B

Mc

CA_LCULATED CRITICAL MASS OF SPHERICAL CONFIGURATION,

1.5
FRACTION OF STANDARD VvOID FRACTION

12780 12260 H830 11400 10960
WEIGHT OF GRAPHITE MODERATOR - LB
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ONE - DIMENSIONAL CALCULATION OF THE EFFECT OF

IN HEAVY WATER

VARIATION OF VOID FRACTION

233 CRITICAL MASS

MODERATOR REGION ON U

IN SPHERICAL GEOMETRY WITH

UNIFORM FUEL DENSITY PROFILE
- ONE THERMAL NEUTRON ENERGY GROUP USED wITH

- CALCULATIONS MADE

AVERAGED CROSS SECTIONS FROM 24 -NEUTRON-

ENERGY-GROUP CALCULATIONS
- STANDARD VvOID FRACTION IN HEAVY WATER MONERATOR

0.046

REGION

81 -
‘NOILYHNOIANOD TvII¥IHGS 40

'p]
el

SSVYW vIILIBD Q31vT0vD

FRACTION OF STANDARD vOQID FRACTION

12990 12620 12300

WEIGHT OF HEAVY WATER MQDERATOR - LB

13250

13650

t~—
n\
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FIG.

ONE - DIMENSIONAL CALCULATION OF THE EFFECT OF

VARIATION OF VOID FRACTION IN

BERYLLIUM OXIDE,

GRAPHITE, AND HEAVY WATER

MODERATOR REGIONS ON U-=-233 CRITICAL MASS

UNIFORM FUEL DENSITY PROFILE
- ONE THERMAL NEUTRON ENERGY GROUP USED WITH

- CALCULATIONS MADE IN SPHERICAL GEOMETRY WITH

AVERAGED CROSS SECTIONS FROM 24 -NEUTRON-

ENERGY - GROUP CALCULATIONS
- STANDARD VvOID FRACTION IN BERYLLIUM OXIDE REGION

= 0.068, AND HEAVY WATER

0.091, GRAPHITE REGION

REGION

0.046
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ONE - DIMENSIONAL CALCULATION OF THE EFFECT OF
VARIATION OF DENSITY OF TUNGSTEN-184 IN
INNER LINER ON U-233 CRITICAL MASS

- CALCULATIONS MADE IN SPHERICAL GEOMETRY WITH
UNIFORM FUEL DENSITY PROFILE

- ONE THERMAL NEJUTRON ENERGY GROUP USED WITH
AVERAGED CROSS SECT!ONS FROM 24-NEUTRON-
ENERGY - GROUP CALCULATIONS

- FOR BASIC CASE, INNER LINER THICKNESS = 0.85IN. =
2.159 CM ( SEE TABLE T REGION 6 }

- WEIGHT OF TUNGSTEN-184 IN INNER LINER FOR
BASIC CASE = 5336 LB

Lo
i

{

i N i
e T P I

200

100 |

CALCULATED CRITICAL MASS OF SPHERICAL CONFIGURATION, M

e ‘ i S bk : S i A- Ja
04 2 5 03 2 5 o2 2 5 o

ATGM DENSITY OF TUNGSTEN -184 x 10729 - aTomMs/Cm®

T v T T \ T —T —
15.6 3t2 780 156 312 780 1,560 3120 7800 15600
WEIGHT OF TUNGSTEN-184 IN INNER LINER-LB

- 59
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FiG.

ONE - DIMENSIONAL CALCULATION OF THE EFFECT OF

VARIATION OF HEAVY WATER MODERATOR
REGION THICKNESS ON U-233 CRITICAL MASS

GEOMETRY WiTH

IN SPHERICAC

- CALCJULATIONS MADE

DENSITY PROF.ILE

JNIFORM FUEL
- ONE THERMA_

NEJTRON ENERGY GROJP JSED WiTH
-NEJTRON-

GROUP CA_CJLATIONS

AVERAGED CROSS SECTIONS FROM 24

ENERGY

87 - on
‘NOILUHNOIINOD TvII¥IHGS 40 SSYW TvDILIEd GILYINDTvD

THICKNESS OF HEAVY WATER REG.OMN - LB

18430 24450 KIREN

WEIGHT OF HEAVY WATER REGON - L3

12,990
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FIG. 20

ONE - DIMENSIONAL CALCULATION OF THE EFFECT OF
VARIATION OF TUNGSTEN -184 ENRICHMENT IN
INNER LINER, BERYLLIUM OXIDE, GRAPHITE, AND

HEAVY WATER REGIONS ON U-233 CRITICAL MASS

- CALCULATIONS MADE IN SPHERICAL GEOMETRY WITH
UNIFORM FUEL DENSITY PROFILE
- ONE THERMAL NEUTRON ENERGY GROUP USED WITH

AVERAGED CROSS SECTIONS FROM 24-NEUTRON-
ENERGY-GROUP CALCULATIONS

- TOTAL WEIGHT OF TUNGSTEN IN INNER LINER AND
MODERATOR REGIONS = I2i8 LB

LB

M¢ -

o))
(@]

CALCULATED CRITICAL MASS QOF SPHERICAL CONFIGURATION,

05 0.6 0.7 08 09 10
DENSITY OF TUNGSTEN -184
TOTAL DENSITY OF TUNGSTEN
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RESULTS OF TWO -DIMENSIONAL DIFFUSION THEORY
CALCULATIONS FOR CYLINDRICAL CONFIGURATION

.20

Keft

o

EFFECTIVE MULTIPLICATION FACTOR

030

.60}

ASREOERIR N I N S e S
| !I\}D!CAWJES CALCULATED POINT:

WITH NO NOZZLES

- DIMENSIONS AND COMPOSITIONS USED IN CYLINDRICAL
CONFIGURATION GIVEN IN TABLES I AND O

-GEOMETRY FOR CYLINDRICAL CONFIGURATION
SHOWN N FIG. 3
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FIG. 23
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FIG. 24

RESULT OF TWO-DIMENSIONAL DIFFUSION THEORY CALCULATIONS
FOR REFERENCE ENGINE DESIGNS WITH EXHAUST NOZZLE
AND FUEL INJECTION DUCT

- GEOMETRY OF ENGINE NOZZLES AND FUEL
INJECTION DUCT Z=HOWN IN FIGS 1,4 ANDS

- DIMENSIONS AND COMPOSITIONS FOR ALL
REGIONS GIVEN iN TABLES IN,I¥ AND Y
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